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ABSTRACT: Mixed results were reported on the anticorrosion of 

graphenecoated metal surfaces while graphene serves as an effective 

short-term barrier against corrosion and oxidation due to its low 

permeability to gases, the galvanic cell between graphene and the metal 

substrate facilitates extensive corrosion in the long run. Defects in the 

graphene layer provide pathways for the permeation of oxidizing species. 

We study the role of defects in graphene in the anticorrosion using first-

principles theoretical modeling. Experiments in the highly reactive 

environment indicate that the oxidized products primarily distribute along 

the grain boundaries of graphene. We analyze the thermodynamics of the 

absorption of S and O on the grain boundaries of graphene on the basis of 

density functional theory. The insertion of S and O at the vacancy sites is 

energetically favorable. The interstitial impurities facilitate structural 

transformation of graphene and significantly decrease the mechanical 

strength of the graphene layer. 

Furthermore, the presence of the interstitial S and O reduces the chemical stability of graphene by enhancing the formation 

of vacancies and promoting dispersive growth of corrosive reactants along the grain boundaries. 
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■ INTRODUCTION 

Graphene is a single-atom-thick crystal of sp2-bonded carbon 

that can be grown directly on metals and transferred to 

arbitrary substrates.1,2 The extremely high strength,3,4 

impermeability to gases,5−7 and chemical inertness against 
8−10 

oxidation make graphene an ideal anticorrosion barrier on 

metal surfaces. In principle, the dense hexagonal honeycomb 

structure in a perfect single-layer graphene (SLG) sheet 

would block any corrosive species.11−13 Nevertheless, reality 

is that graphene prepared by chemical vapor deposition 

(CVD), which is widely used to grow high-quality single-

layer graphene, inevitably contains a large number of atomic 

defects such as Stone−Thrower−Wales (STW) defects (a 

crystallographic defect induced by the rotation of π-bonded 

carbon atoms),14 single- and divacancies, grain boundaries, 

nano/microvoids, and cracks.15−19 The structural defects 

provide pathways for the permeation of oxidization species. 

A recent article reviews the use of graphene as a barrier 

against corrosion and highlights the effect of defects on the 

long-term protection.20 The permeability can be reduced by 

stacking multiple layers,21−23 yet the yield of passivation is 

not sufficient to prevent surface oxidation over the long 

term.24 Condensed water vapor may also intercalate between 

graphene and the metal substrate which facilitates the wet 

electrochemical corrosion and results in even worse metal 

oxidation compared to bare substrate without SLG 

protection.20,25,26 A recent novel study demonstrates that the 

strong graphene−metal interaction which prevents the 

intercalation of oxidizing species along the 
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interface, as well as the locally formed passivating oxides 

near the defects of graphene, is the key in achieving the long-

term protection. Another noteworthy alternative is to use 

hexagonal boron nitride for atomically thin protective 

coatings due to its insulating nature.23,27,28 However, it was 

observed that the quality of the boron nitride film largely 

determines the level of protection,28 and the degree of 

protection offered by the monolayer and multilayer 

hexagonal boron nitride differs in the aqueous and the air 

oxidative environment.23 

The chemistry between the material defects and the 

corrosive species is the key to determine the degree of 

passivation that can be achieved by the atomically thin 2D 

materials. The affinity of oxidization atoms with the 
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structural defects in 2D materials, as well as the impact of 

the absorbed solutes on the chemical and mechanical 

stabilities of the coating barrier, is largely unknown, partly 

because of the challenge of experimental characterization at 

the atomic scale and partly due to the size limit of atomistic 

modeling to unravel the complexity of microstructural 

defects in 2D materials. 

We study defect-mediated corrosion through SLG using 

firstprinciples theoretical modeling. The metal substrate is 

not included in the work given the size limit of the atomistic 

modeling. Here we focus on the absorption of the oxidizing 

species (S and O) through the point defects and grain 
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boundaries of SLG without considering the 

graphene−substrate interactions. Experiments in the highly 

reactive environment indicate that the oxidized products 

form and accumulate along the grain boundary of SLG. 

Figure 1 shows the microstructural evolution of the corroded 

Ag substrate covered by SLG when the sample is immersed 

in the S environment with the increasing exposure time. 

Sulfides induce a substantial amount of microvoids and 

cracks near the grain boundaries of SLG (Figure 1c) which 

further accelerate the corrosion rate. Such results are 

consistent with the previous observations on local oxidation 

of graphene along the grain boundaries.12,17,20,23,25,26,29 The 

 

Figure 1. SEM images of the corrosion of Ag substrate through the grain boundary of single-layer graphene coating in the highly reactive S 

environment. (a)−(c) The corrosion images with exposure time 1, 2, and 3 min. (d)−(f) Local view of the sulfides in (a)−(c). 
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atomic defects (grain boundaries, vacancies, voids, cracks) 

in SLG provide the highway for the absorption and transport 

of the corrosive species, as schematically shown in Figure 2. 

We employ first-principles modeling to study the 

interactions of defects in SLG with the typical oxidization 

atoms S and O. We demonstrate that the insertion of S and 

O at the vacancy sites is thermodynamically favorable. The 

presence of interstitial S and O promotes structural 

transformation of graphene and significantly reduces the 

mechanical strength of SLG. Local strains associated with 

the structural defects in the graphene sheet also play an 

important role in the protection efficiency of SLG. We 

systematically study the strain effect on the energetics of the 

interstitial impurities. Furthermore, we demonstrate that the 

insertion of S and O reduces the chemical stability of SLG 

by enhancing the vacancy formation and facilitating the 

dispersive distribution of corrosive species along the grain 

boundaries. 

■ COMPUTATIONAL METHODS 

We use the hybrid molecular dynamics (MD) simulations and 

firstprinciples modeling to generate the atomic model of graphene 

with grain boundaries, and perform energetic studies in first-

principles to analyze the thermodynamics of S and O insertion into 

the grain 

 

Figure 2. Schematic of the defects (grain boundaries, vacancies, 

voids, cracks) mediated absorption and transport of the corrosive 

species (S, O) through the protective graphene layer. 

 

boundaries and explore their effects on the mechanical and chemical 

behaviors of graphene. The atomic model is consciously relatively 

small because we are interested in exploring a large number of 

possible configurations of defects in graphene and a wide range of 

perturbations of equilibrium structures through the insertion of S 

and O and application of strains. The choice of supercell affords our 

studies at a reasonable balance of computational cost, accuracy, and 

representation of atomic defects in 2D materials. 

We first use the large-scale atomic/molecular massively parallel 

simulator (LAMMPS) to generate an 80-atom model by splicing 

two graphene sheets with a misorientation angle 21.79° in the 

zigzag direction. The intermolecular reactive bond order (AIREBO) 

potential with long-range Lennard−Jones interaction is used to 

describe the interactions between carbon atoms.30,31 A dynamic 

simulation of 10 ps at room temperature is performed to allow 

carbon atoms to equilibrate at local positions, and relaxation is 

followed to reach the local minimum of energy. The model size is 

16.24 × 13.13 Å. Periodic boundary conditions are applied in the in-

plane directions. Figure 3 shows the symmetric tilt grain boundaries. 

The grain structure is free of dangling bonds and is composed of a 

perfect sp2-hybridized network of 5−7 carbon rings. It is worth 

noting that 21.79° is the largest misorientation angle for the zigzag-

oriented grain boundaries.32 Each 

 

Figure 3. Atomic model of single-layer graphene with a symmetric 

tilt grain boundary in first-principles calculations. The 

misorientation angle is 21.79° in the zigzag direction. The red sites 

marked with numbers represent the nonequivalent positions for S/O 

insertion. 5−7 pair (one pentagon and one heptagon sharing one 

edge) is separated by one hexagon, and the resulting dislocation 

density is maximum in the 21.79° grain boundary. First-principles 

modeling is conducted using the Vienna Ab-initio Simulation 

Package (VASP).33,34 Projector-augmented-wave (PAW) potentials 

are used to mimic the ionic cores, while the generalized gradient 

approximation (GGA) in the Perdew−Burke−Ernzerhof (PBE) 

flavor is employed for the exchange and correlation functional. The 

plane-wave set is expanded within an energy cutoff of 520 eV. The 

3 × 3 × 1 mesh of k points in the Monkhorst−Pack scheme is chosen 

for the Brillouin zone sampling. In energy optimization calculations, 

both the atomic coordinates and the supercell shape were relaxed. 

Energy optimization is considered complete when the magnitude of 

force per atom is smaller than 0.02 eV/Å. 

■ RESULTS AND DISCUSSION 

We first investigate the mechanism through which the 

oxidization atoms insert into the grain boundaries of SLG. 

We consider two types of occupation sites for a single S or 

O atom: (i) the interstitial site within the heptagon ring which 
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has the largest volume for the insertion of guest atoms and 

(ii) the single vacancy site at the pentagon or heptagon ring 

along the grain boundary. The red spots marked with number 

in Figure 3 show the nonequivalent sites, where 0 represents 

the interstitial pentagon site and 1−6 represent the possible 

single vacancy site. In addition, we consider the strain effect 

on the energetics of absorption of S and O in graphene. 

Localized strains are intrinsically associated with the 

structural defects. Grain boundaries are subject to more 

strains due to the structural inhomogeneity when graphene is 

deformed. Furthermore, substantial strains, up to 10%, can 

be extrinsically induced in suspended graphene due to the 

bending of devices, thermal mismatch during growth, 

wrinkling of the graphene patch, or local nanobubbles.35,36 

The strain field alters the energy landscape of the absorption 

and transport of corrosive species, accelerates the formation 

rate of the reactants, and further causes mechanical failure of 

the graphene protective layer. In this study, we apply an 

external strain ranging from 0 to 8.3% to a given 

configuration to systematically map the strain effect on the 

S/O insertion. In the calculation of the formation energy, we 

take the energy of a C atom in graphene (EC) and the energy 

of a S or O atom (ES/O) in the bulk phase as the reference 

energies, with ES/O−C being the total energy of the system 

containing one S or O atom in the supercell which contains 

80 − n C atoms (n = 0 for the interstitial heptagon site and n 

= 1 for the single vacancy site). The formation energy Ef for 

a single S or O atom is determined by Ef = ES/O−C − (80 − n)EC 

− ES/O. The energies for a single C atom in the grain structure 

and for a single S and O atom in the bulk phase are −9.23 eV, 

−4.13 eV, and −4.94 eV, respectively. 

Figure 4 shows the formation energy of an interstitial S 

under applied strains. The red curve represents a single S 

atom located within the hexagonal ring in a perfect graphene 

structure, and the black curve shows the comparison for the 

interstitial S within the heptagon ring. The insertion of S into 

the perfect sp2-carbon bonding network is very costly, 

confirming the low permeability to gases of the carbon rings. 

For the perfect graphene model, the formation energy 

linearly decreases with the applied strain indicating that the 

structure retains its initial configuration except bond 

stretching. In comparison, the interstitial S in the pentagon 

ring induces C bond breaking and structural transformation 

of the grain boundary and causes a drop of the formation 

energy at the applied strain of 0.06. 

insertion of S and O. A single vacancy is created by 

removing a C atom at the pentagon or the heptagon ring. 

Energy minimization is performed after generating a single 

vacancy in the carbon network. Then an interstitial S/O atom 

is placed at the vacancy site, and the formation energy of the 

single S/O atom is calculated at different applied strains. 

Figure 5a and b show the formation energies of an interstitial 

S and O at the six different vacancy sites, respectively. 

Vacancies (single-, di-, and trivacancies) are the point defects 
well observed in carbon materials. 

37 , 38 
Vacancies maintain the 

intrinsic concentration at the thermodynamically equilibrium 
state, and a large number of vacancies can be created in 

process electron/ion by or graphene during the growth 
irradiation and chemical treatments. 

39 − 41 
The point defects 

have a strong in fl uence on the electronic, optical, thermal, and 
mechanical properties of graphene due to the local charging 
states and local magnetic moments. 

42 , 43 
Here we study the 

e ff of boundaries ect single vacancies at the grain on the 

Figure 4. perfect energies in the S interstitial of an Formation 
graphene structure (red curve) and within the 7-ring of the grain 
boundary (black curve) as a function of the strain fi eld. 
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Overall, the formation energy of O is lower than that of S for 

the same configuration because of a smaller atomic volume 

of O. Figure 5 clearly shows that the insertion of S and O at 

the vacancy sites is energetically favorable all the formation 

energies at the various sites are negative in the strain-free 

graphene except sites 1 and 2 for S. The kinks and jumps 

represent the drastic structural reconstruction induced by the 

interstitial atoms and strains in graphene. The strain effect on 

the energetics of S and O depends on the choice of the 

vacancy site. For sites 1 and 2, which are within the 5−6−6 

carbon rings, the formation energy of S and O monotonically 

decreases (more negative) when the strain increases. The 

5−6−6 rings have a compact space, and the insertion of the 

guest atoms is less favorable in pristine graphene. Strain 

increases the free volume of the interstitial impurities and 

thus reduces the energy barrier of S/O absorption. The 

atomic configurations on the right-hand outlined by the black 

line shows the microstructural evolution of SLG with S/O at 

site 1 under different strains. The 5−6−6 carbon rings remain 

the same morphology except the volumetric expansion with 

increased strains. In the cases of sites 3, 4, and 6 for S and 

sites 3 and 6 for O, the formation energy is weakly dependent 

on the strain field because the 

Figure 5. Formation energies of interstitial S (a) and O (b) at various 

single-vacancy sites under applied strains. The kinks and jumps 

represent the drastic structural reconstruction induced by the 

interstitial atoms and strains as shown in the insets. The atomic 

configurations show the structural transformation mediated by the 

interstitial S/O at a pentagon site (black line, site 1), a heptagon site 

(green line, site 4), and another heptagon site (cyan line, site 6). 

 

increase in the free volume of the interstitial atoms is 

compensated by the decrease of the binding strength 

between S/O with the neighboring C atoms. The interstitial 

impurities and strains may induce structural transformation 

of graphene, and the structural reconstruction will cause a 

drastic change in the formation energy. Such behaviors are 

evident for the S insertion at site 5 and O insertion at the sites 

4 and 5. The atomic configurations outlined by the cyan line 

show the structural evolution mediated by S/O and strains 

that the original 6−6−7 rings are rotated and transformed into 

5−7−7 carbon rings. 

The atomic defects and interstitial impurities will alter the 

mechanical properties of graphene. Previous studies indicate 

that local oxidation dramatically reduces the roughness, 

electric conductivity, mechanical strength, and frictional 

characteristics of graphene.17,18,29 We perform uniaxial 

tension simulations on SLG using first-principles methods. 

An incremental strain is applied in the direction 

perpendicular to the grain boundary, and the resulting stress 

is recorded. Figure 6 shows the stress− strain curves of six 

graphene models, including perfect graphene, graphene with 

grain boundaries, and graphene with 

Figure 6. Stress−strain curves for different graphene models. The 

mechanical strength of graphene is reduced by the presence of the 

grain boundary and is further decreased by the insertion of the 

corrosive species. S1 and S3 represent graphene with one S at the 

interstitial sites 1 and 3, respectively; the same notation applies for 

O. 

 
Figure 7. Presence of S and O promotes the formation of vacancy 

in graphene. (a) and (b) show the comparison of the formation 

energy of generating a single vacancy with and without an adjacent 

S and O at the pentagon (site 1) and heptagon (site 3) site, 

respectively. For the naming convention, V1 refers to the 

configuration with a single vacancy at site 1, and S3V1 refers to the 

configuration with one S at site 3 and a single vacancy at site 1. The 

same notations apply to V3, O3V1, S1V3, and O1V3. 

one interstitial S/O atom at sites 1 and 3, respectively. The 

grain structure reduces the strength and failure strain both by 

roughly 20% of perfect graphene. The presence of the 

doping elements further reduces the strength, ductility, and 

elastic stiffness of graphene. S results in a larger reduction in 

strength than O because of the relatively stronger bonding of 

O−C, indicated by the formation energies in Figure 5, which 

retains the bonding network under strain.44 We take the sites 

1 and 3 to represent the interstitial site at the pentagon and 

heptagon sites. The interstitial atom at site 3 has a larger 

effect on the mechanical strength than that at site 1, which is 

consistent with the trend of the formation energy in Figure 

5 vacancy at the pentagon site causes less disruption to the 

carbon network when graphene is deformed because of a 

relatively smaller void size created by the pentagon vacancy 

(5−6−6 ring) than the heptagon vacancy (6−6−7 ring). The 
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simulation demonstrates that the mechanical property of 

graphene is highly sensitive to the defects and impurities, 

and the protection efficiency may be largely compromised 

by the loss of the mechanical stability of SLG during the 

corrosion process. 

We further investigate the chemical stability of SLG 

affected by the interstitial impurities. We consider two 

scenarios: (i) how does the S/O atom affect the vacancy 

formation in the grain structures and (ii) how does the 

presence of the dopants influence the further absorption of 

the oxidization atoms. In the first case, we generate a single 

vacancy adjacent to the S/O atom and compare the formation 

energies of the single vacancy with and without the 

interstitial impurity. Similarly, we also compare the 

formation energy of one S/O atom inserted at the same 

vacancy site with and without an existing S/O atom at the 

neighboring spot. We envision that the chemical stability of 

SLG will be reduced by the absorbed solutes due to the 

facilitation of vacancy formation and dispersive growth of 

the oxidization products along the grain boundaries. 

Figure 7 shows the formation energies of a single vacancy 

with and without an adjacent S/O atom. For the naming 

convention, V1 and V3 represent a single vacancy at site 1 

(pentagon site) and 3 (heptagon site), respectively. S3V1 

refers to the configuration with one S at site 3 and a single 

vacancy at site 1, and S1 V3 refers to the configuration with 

one S at site 1 

 

and a single vacancy at site 3. The same notation applies for 

O atom. The blue curves show the formation energies of a 

single vacancy at site 1 under applied strains. The difference 

in the formation energy with and without an existing S/O at 

the adjacent position clearly indicates that the interstitial 

impurities will reduce the energy barrier for the formation of 

point defects in graphene. Such an effect is due to the weaker 

S/O−C bond compared to the perfect sp2 C−C network. In 

addition, the formation energy of the vacancy at site 1 

becomes more positive (except a drop in S3V1 due to the 

structural rearrangement) when the strain increases because 

of the enlargement of the free volume of the vacancy in the 

relatively compact space of 5−6−6 rings. The formation 

energy of a single vacancy at site 3, represented by the green 

curve, again confirms that the absorption of S/O facilitates 

the formation of vacancies at the neighboring sites. The 

vacancy formation energy monotonically decreases (more 

negative) with the applied strain because of the dominant 

tension-induced weakening of the C−C bonds in the 6−6−7 

rings. This might be part of the reason that voids and cracks 

are frequently observed near the corrosive reactants in 

graphene (Figure 1c) because the oxidation atoms facilitate 

the generation of point defects, which coalesce to create the 

microvoids. As the voids and cracks form, SLG quickly 

degrades in the chemical and mechanical stabilities and loses 

the protection function to the underlying substrate. 

We further look into the effect of the present interstitial 

impurities on the consequent absorption of the corrosive 

atoms. This will help us understand if the corrosive products 

tend to accumulate at the local paths or are dispersive along 

the grain boundaries. Figure 8 shows the comparison of the 

formation energies of one S/O atom at different vacancy sites 

with and without an existing neighbor S/O atom. Given the 

many possible configurations, we do not consider the strain 

effect. S1 represents one S at site 1, and S3S1 represents the 

second S at site 1 following the insertion of one S at site 3. 

The same convention applies to other notations. The blue 

bars vs the green bars for S in Figure 8a, as well as the red 

bars vs the cyan bars in Figure 8b, exclusively show that the 

insertion of the 
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second S/O atom with an adjacent guest atom is much more 

energetically expensive. This is due to the strong repulsion 

of the S−S and O−O atoms, even though the first S/O atom 

promotes the formation of vacancies at their neighboring site. 

This implies that the formation of the sulfides/oxides is more 

dispersive at the defective spots of graphene, which is 

consistent with the experimental observation (Figure 1c) that 

the corrosive reactants are uniformly distributed along the 

grain boundary. 

■ CONCLUSIONS 

Defects interact with the oxidative elements and deteriorate 

the long-term protective efficiency of atomically thin 2D 

coating barriers against corrosion. Experiments in the highly 

reactive environment indicate that the corrosive reactants 

form and grow at the grain boundaries of the graphene layer. 

We study the thermodynamics of the absorption of 

oxidization atoms in a representative grain structure of SLG 

using first-principles modeling. S and O insertion at the 

vacancy sites is energetically favorable. The interstitial 

impurities significantly reduce the mechanical strength of 

graphene and promote structural transformation under 

strains. Furthermore, the absorption of corrosive solutes 

deteriorates the chemical stability of graphene by facilitating 

the formation of point defects and promoting uniform 

growth of the reactants along the grain boundaries. This 

work provides valuable insight on understanding the role of 

defects and strain in the anticorrosion of graphene coating. 

■ EXPERIMENTAL DETAILS 

The schematic of the corrosion experiments of Ag substrate 

protected by a graphene layer is shown in Figure 2. A layer of Ag 

(100 nm) thin film is deposited on a 4 μm thick Al foil (Lebow 

Company Inc., Bellevue, WA) at a rate of 1 nm/s. An ultrathin Ti 

layer (ca. 5 nm) is utilized as the adhesion layer. Single-layer 

graphene (Graphene Supermarket, Inc.) grown on Cu is spin-coated 

with a supporting PMMA layer and baked at 150 °C for 2 min. After 

etching Cu by ammonium persulfate, graphene is wet-transferred to 

the Ag thin film. The multilayer is then naturally dried before 

removing PMMA with acetone. The graphene-veiled silver thin 

film is exposed to Scontaining environment (1 mL of aqueous 

ammonium sulfide ((NH4)2S) in a covered glass Petri dish (18 mm 

× 15 mm)) for 1, 2, and 3 min. 
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